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ABSTRACT — The macular mouse ( Mo ml ) is a murine model of the Menkes' kinky hair disease. The 
Mo ml allele is a recessive lethal mutation. Mo ml mice die about 15 days after birth, exhibiting behavior 
of some neurological disorders without evidence of a connective tissue abnormality. A multitude of 
morphologic abnormalities have been described in hemizygotes ( Mo ml /Y ) and homozygotes ( Mo mI l 
Alo mI ). As an approach to determine the critical tissue in the macular mutant mouse, we produced 
chimeras from macular mutant and normal mouse embryos. Thirteen chimeras were obtained, and 11 
of these chimeras survived without copper treatment. In surviving chimeras, normal mouse cells were 
present in all tissues. However, 2 chimeras died at days 16 and 22 after birth, respectively. The normal 
mouse cells were not distributed in the liver of both chimeras. The copper concentration in the liver of 
both chimeras were significantly low in the same manner as the Mo ml IY and Mo ml /Mo ml mouse. Our 
findings provide important evidence in the search for “critical tissue” in the macular mouse. 


INTRODUCTION 

Menkes’ kinky hair disease in humans is a well 
established genetic entity, inherited as an X-linked 
recessive, and affecting the central nervous sys- 
tem. skin, hair, blood vessels and bones. Its 
metabolic defect is considered to be due to a 
failure in copper homeostasis in the body in which 
copper accumulates in some organs including the 
intestinal mucosa and kidney, but is deficient in 
others including the brain and liver [1, 2, 4]. 

The macular mutation ( Mo ml ) found by Nishi- 
mura [11] is an allele at the X-linked Mottled (Mo) 
locus. The mutant mouse has many clinical and 
biochemical similarities to Menkes’ kinky hair 
disease [6, 12, 20, 21] as same as brindled mouse 
(. Mo br ) which is an allele at the X-linked Mo locus. 
The normal mice and heterozygotes ( Mo ml / + ) 
have brownish black fur and mosaic brownish 
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black and white fur, respectively, and develop 
normally [20]. However, its hemizygotes (Mo ml / 
Y) and homozygotes (Mo ml / Mo ml ) show white fur 
and curly whiskers from day 3 after birth, and 
ataxia and tonic seizure on day 8. They lose weight 
after day 10 and die with severe emaciation on 
around day 15. However, Mo ml /Y and Mo ml / 
Mo ml mice given copper on day 7 can survive 
followed by normal growth and fertility. Mice that 
are not given copper have a copper deficiency in 
the brain and serum, and also have decreased 
serum ceruloplasmin levels as measured by copper 
oxidase activity. We also found that Mo mi lY mice 
which were not treated with copper showed atro- 
phy in the thymus and spleen on day 14 [9], 
Chimeric embryos have been valuable in the 
study of developmental mechanisms [19], sex de- 
termination [8], cell-cell interactions [14], and the 
rescue of otherwise lethal phenotypes [17]. We 
therefore produced chimeras between normal and 
macular mice in order to determine whether sur- 
vival without copper treatment is possible, as well 
as to elucidate the mechanisms of the congenital 
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copper deficiency in the brain and liver, but the 
copper accumulation in the kidney and intestine. 

MATERIALS AND METHODS 

Mice 

Breeding pairs of C3Hf (Mo ml / + ) mutant and 
C3Hf (+/Y) mice were provided by the labora- 
tory of Clinical Biochemistry, Wakayama Medical 
College. Mo ml !Y (glucose phosphate isomerase-1 
type B; GPI-1B) and Mo ml lMo ml (GPI-1B) mice 
were obtained from mating Mo ml l + and Mo ml lY 
mice that were derived from our breeding colony. 
Mo ml /Y and Mo ml /Mo ml were subcutaneously in- 
jected with 10 /jig of Cu as cupric chloride per gram 
of body weight at 7 days after birth as described 
previously [18]. ICR, BALB/c (GPI-1A) and 
CDF1 mice (GPI-1A) were obtained from SLC, 
Inc., Shizuoka, Japan. Most mice were studied at 
8 to 10 weeks of age. 

Production of chimeras 

Mo ml lMo ml and Mo ml lY mice which were trea- 
ted with CuCl 2 on day 7 were used. Embryos of 
Mo ml mice were obtained from Mo ml / Mo ml X 
Mo ml /Y , and embryos of normal mice were 
obtained from BALB/c X BALB/c or CDFlX 
BALB/c. Female mice were superovulated by 
intraperitoneal injections of 7.5 i.u. of pregnant 
mare's serum, followed 48 hr later by an injection 
of 7.5 i.u. of human chorionic gonadotrophin. 
Female mice were paired overnight with male mice 
and vaginal plugs were checked the following 
morning. Two-cell-stage embryos were flushed 
with Hepes buffered Whitten’s medium from the 
anterior portion of the uterine horns 24 hr later. 

Detailed procedures of the production of 
chimeras by nuclear transplantation have been 
described previously [10]. Eggs were microma- 
nipulated, washed several times and transferred to 
the oviducts of day 1 pseudopregnant ICR mice. 

Analysis of GPI-1 isozymes 

To examine the proportion of normal mouse 
cells to macular mouse cells, isozyme patterns of 
GPI-1 in the tissues were analyzed by a modifica- 
tion of the method of Eppig et al. [3]. GPI-1 


isozymes were separated electrophoretically on a 
Titan III Zipzone cellulose acetate plate (Helena 
Laboratories) with 0.043 M Tris, 0.046 M glycine 
buffer (pH 8.5) for 2 hr at 180 V. Staining was 
carried out as described previously [10]. The 
proportions of GPI-1A and GPI-1B were deter- 
mined from the original electrophoretic gels using 
a densitometer (Shimazu CS-910). 

Chemical analysis 

The copper levels in tissues were determined by 
flame atomic absorption spectrometry (Hitachi 208 
type) after solubilization in HN0 3 . 

RESULTS 

Table 1 shows the in vitro development of oper- 
ated embryos when two normal strains were used. 
After microsurgery, experimental and control 
embryos were cultured for 4 days and the number 
of embryos that developed to the blastocyst stage 
was determined. Of 80 BALB/c <^Mo ml chimeric 
eggs, 7 (9%) and 56 (70%) developed to morula 
and blastocyst stages, respectively and of 16 
CDF1 <r*Mo ml chimeric eggs, 7 (44%) and 5 (31%) 
developed to morula and blastocyst stages, respec- 
tively. 

To produce the chimeric mouse, the operated 
embryos were transferred to the oviducts of day 1 
pseudopregnant ICR mice. A total of 355 oper- 
ated embryos were prepared, from which 52 live- 
born animals were obtained; 13 of the newborn 
animals were chimeric as determined by the coat 
color (Table 2). Eleven of these chimeras did not 
have discernible developmental abnormalities. 
However, 2 chimeras died at day 16 (chimera #1, 
male) and 22 (chimera #2, female) after birth, 
respectively. Figure 1 shows the normal, macular 
and chimeric mice. The fur was agouti in the + / Y 
mouse, and white in the Mo ml /Y mouse on day 14 
after birth. Chimeras #1 and # 2 had white and 
brown mosaic fur. These chimeras and the Mo ml ! 
Y mouse had curly whiskers, whereas the +/Y 
mouse had straight whiskers. The body weight of 
the Mo ml /Y mouse treated with CuCl 2 on day 7 
gradually increased, although it weighed slightly 
less than that of the + /Yas shown in Fig. 2. The 
Mo ml /Y mice gained weight normally until about 
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Table 1. Development of chimeric eggs after nuclear transplantation in vitro 


Type of egg 

No. of cutured 


Developmental stage (%) 

embryos 

Arrested 

Morula 

Blastocyst 

Unoperated 

BALB/c 

77 

14 

8 (10%) 

55 (71%) 

CDF1 

14 

6 

3 (21%) 

5 (36%) 

Mo ml 

197 

18 

29 (15%) 

150 (76%) 

Operated 

B ALB /c<-> BALB/c 

21 

9 

1 ( 5%) 

11 (52%) 

Mo m, »Mo ml 

3 

0 

1 (33%) 

2 (67%) 

BALB/c«Mo m ' 

80 

17 

7 ( 9%) 

56 (70%) 

CDF1«W"' 

16 

4 

7 (44%) 

5 (31%) 


Eggs were cultured for 4 days at 37°C in 5% C0 2 , 5% 0 2 and 90% N 2 . 


Table 2. Postimplantation development of chimeric eggs after nuclear transplantation 



No. of transferred 
embryo 

No. of 
liveborn 

Pups 

Type of eggs 

liveborn 

(% of implants) 

chimera 

(% of liveborn) 

BALB/c«A/o'”' 

207 

116 

17 (15%) 

2 (12%) 

CDF1 «A/o m ' 

148 

84 

35 (42%) 

11 (31%) 


Eggs were transferred into the oviduct of day 1 pseudopregnant recipient mouse. 



Chimera #1 on day 16 Chimera #2 on day 22 

Fig. 1. Coat color distribution in chimeras #1 and #2. 


day 10, but thereafter, showed gradual weight-loss 
and some physiological abnormalities such as fre- 
quent tonic seizure and ataxia, and died around 
day 15 in an emaciated condition (Fig. 2). The 
development of the Mo ml IMo ml mice was similar 
to that of the Mo ml /Y mice (data not shown). 
Iwane [5] also reported that the clinical features of 


the Mo ml /Mo ml mice were quite similar to those of 
the Mo ml !Y mice. The body weight of chimera 
#1, which was produced between BALB/c and 
macular mice, gradually increased until day 12. 
Thereafter, it gradually lost weight, had frequent 
tonic seizures and ataxia like the Mo ml /Y mouse 
and died with severe emaciation on day 16. 


Body weight (g) Body weight (g) 
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Chimera #2, which was produced between CDF1 
and macular mice, also gained weight normally 
until about day 14, when it reached a plateau and 
thereafter slightly lost weight. This mouse showed 
occasional tonic seizures and ataxia and died with 
severe emaciation on day 22. 

Figure 3 shows the distribution of chimerism 
among the various tissues, as determined by GPI-1 
activity, in 4 chimeras. The proportion of BALB/c 
to macular mouse cells in the tissue of chimera # 1 
ranged from 45:55 to 20:80 except for the liver. 
In the chimera #2, the liver, thymus, lung and 
spleen were composed only of macular mouse cells 
and the ratio of CDF1 to macular mouse cells in 


Fig. 2. The body weight gain of normal ( + /Y), macu- 
lar and chimeric mice. Mo ml (Cu); Mo ml 

mouse was treated with 10 fig of copper per gram of 
body weight at 7 days after birth. Chimera # 1 died 
16 days and chimaera #2 died 22 days after birth. 

B — m macular V//Z//////A CDF1 
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Fig. 3. Distribution of cells in chimeric mice. The proportion of each type of cell was determined from the relative 
levels of GPI-1 isozymes. The GPI-1 isozyme of BALB/c and CDF1 mouse is the AA type and that of the 
macular mouse is the BB type. A, chimera #1; B, chimera #2; C, chimera #3; D, chimera #4. 
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other tissues ranged from 80 : 20 to 50 : 50. In the 
surviving chimeras (#3 and #4), normal mouse 
cells were present in all tissues including the liver. 
The other surviving chimeras were also made of 
normal and macular mouse cells in all tissues (data 
not shown). 

Table 3 shows the relative organ weight of 
chimeras. We previously reported that Mo ml lY 


mice had atrophy in thymus and spleen tissues [9]. 
The relative organ weight of Mo ml !Y mice treated 
with Cu on day 7 did not differ from those of + / Y, 
but, in the Mo ml IY mice which were not treated 
with Cu, the relative weights of the spleen and 
thymus were lower, while those of the brain, 
kidney, heart and lung were higher than in the + / 
y mice at day 14. Chimera # 1 had enlarged brain, 


Table 3. Relative organ weight of Mo ml mouse at day-14 and chimeric mouse 



Liver 

Kidney 

Brain 

Heart 

Lung 

Spleen 

Thymus 

+ /Y 

3.24 + 0.39 

1.21+0.15 

4.27 + 0.45 

0.51 + 0.06 

1.15 + 0.14 

0.47 + 0.08 

0.44 + 0.10 

Mo mI l + 

3.27+0.21 

1.25 + 0.13 

5.02 + 0.61 

0.59+0.09 

1.32+0.14 

0.53 + 0.15 

0.49+0.10 

Mo mI l Y 

3.16+0.51 

1.54 + 0.12* 

7.10 + 0.97* 

0.83 + 0.11* 

1.44 + 0.11* 

0.19 + 0.04* 

0.28 + 0.09* 

Mo m, /Y (Cu) a 

3.52 + 0.58 

1.34+0.17 

4.98 + 1.16 

0.59 + 0.15 

1.21 + 0.22 

0.49 + 0.15 

0.42 + 0.11 

S 1 Chimera 

4.02 

2.24 

7.92 

1.32 

2.04 

0.42 

0.36 

it 2 Chimera 

3.70 

1.97 

7.99 

0.84 

1.54 

0.22 

0.11 


The value is organ weight /body weight (%). 

a ; Mo ml mouse was treated with 10 pig of copper per gram of body weight at 7 days after birth 
*; Significantly different from normal mice (-f !Y), p<0.01. 


Table 4. Copper concentration in organs of various mouse 


Mouse 

Concentration of Cu (ptglg tissue), Mean + S.D. 

Liver 

Brain 

Kidney 

Intestine 

Day 14 after birth 

BALB/c (male) 

39.2 + 7.6 

1. 8 + 0.1 

2. 5 + 0. 2 

2. 6 + 0.6 

BALB/c (female) 

40.4 + 9.4 

1.8 + 0. 2 

2.4+0. 1 

2.2 + 0. 1 

CDF1 (male) 

33.6 + 7.3 

1. 7+0.1 

2. 4+0. 2 

2. 1 + 0.2 

CDF1 (female) 

38.1 + 10.4 

1. 8 + 0.2 

2.4+0. 1 

2.2+0. 1 

+/y 

20.3+7.6 

1.4 + 0. 3 

2. 5+0. 3 

3. 1 + 0. 3 

Mo'” 1 / + 

4.2 + 0.6 

0.8+0. 1 

13.8 + 4.0 

10.1 + 4.9 

Mo ml l Y 

3. 3 + 0. 3 

0.4 + 0. 1 

11.4 + 2.5 

15.5 + 7.4 

Mo mI \IMo m ‘ 

3. 2 + 0. 2 

0.3+0. 1 

9. 4+0. 8 

16.3 + 4.3 

Mo ml IY (Cu) a 

5. 0+0. 6 

0. 7+0.1 

31.8 + 2.3 

16.1 + 1.5 

Mo m, /Mo ml (Cu) a 

4. 2 + 0. 7 

0. 7 + 0.1 

27.3 + 4.5 

18.4 + 5.5 

Chimera £1 

3.6 

0.4 

11.9 

2.5 

Chimera #2 

3.5 

0.9 

13.9 

4.1 

Adult 

+ /y 

4.1 + 1. 1 

5. 3+1.0 

4. 2+0. 4 

1.6 + 0. 2 

Mo ml /Y (Cu) a 

3. 8 + 0.7 

2. 5 + 0.4 

18.4+4.5 

2. 4 + 0. 5 

A/o m/ / + 

4. 7 + 0. 7 

3.5 + 1.3 

27.8+8.2 

3. 6 + 0. 7 

Chimera +3 

5.8 

5.0 

12.4 

3.0 

Chimera £ 4 

5.2 

4.9 

28.3 

2.6 


a ; Macular mouse was treated with 10 pig of copper per gram of body weight at 7 days after birth. 
Chimeras £ 1 and £2 died 16 and 22 days after birth, respectively. The copper concentration was 
measured as described in Materials and Methods. 
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kidney, heart and lung, but did not show atrophies 
in thymus and spleen tissues. On the other hand, 
chimera #2, like the Mo ml /Y mouse, had a smal- 
ler spleen and thymus, and enlarged brain, kidney, 
heart and lung compared with those of + IY mice 
at day 14. 

Table 4 shows the copper concentration in the 
tissues of various strains of mice. In macular mice 
at 14 days after birth, the copper concentration in 
the liver and the brain were significantly low, 
whereas those in the kidney and intestine were 
remarkably high. In macular mice treated with 
copper, the copper concentration in the brain was 
intermediate between those of normal and macular 
mice, but the level in the kidney and intestine was 
extremely high, and that in the liver was also 
extremely low in macular mice. In the Mo ml / + 
mice, the copper concentration in the liver and the 
brain was equal to that of macular mice treated 
with copper; that in the kidney was similar to that 
of macular mice, and in the intestine, the copper 
concentration was intermediate between normal 
and macular mice. The copper level of chimera 
#1 remained low in the liver and the brain and 
high in the kidney. However, the copper level in 
the intestine was the same as that in the normal 
mouse. Chimera #2 had a low and high copper 
levels in the liver and kidney, respectively. The 
copper level in the brain and intestine were similar 
to those in the normal mouse. 

During the development of normal mice, the 
copper concentration in the brain and kidney 
increased, while those in the liver and intestine 
decreased, especially at a higher rate in the liver. 
In the adult mouse, the copper level of Mo tnl /Y 
(Cu) remained low in the brain and high in the 
kidney and intestine. The copper level of Mo ml /Y 
(Cu) in the liver was the same as that of the normal 
mouse. In the adult Mo ml /+ mice, the copper 
concentration in the liver was equal to that of 
normal mice, but in the brain, it was intermediate 
between + /Y and Mo ml /Y (Cu) mice. Further- 
more, in the kidney and intestine, it was as high as 
that in Mo ml /Y (Cu) mice. The copper level of 
chimeras #3 and #4 remained high in the kidney 
and intestine. However, the copper levels in the 
liver and the brain were same as those of normal 
mice. 


DISCUSSION 

The macular mutant mouse is considered to be a 
model of Menkes’ kinky hair disease because of its 
clinical, biochemical and pathological similarities 
to the disease [7, 12, 20]. The genetic lesion 
established the existence of a specific transport 
system for copper, but the problem has not been 
solved thoroughly. 

The utility of the genetic approach is strength- 
ened by experimental procedures that permit the 
close intermingling of mutant and normal cells in 
various tissues. We used nuclear transplantation 
to produce chimeras between normal (BALB/c 
and CDF1) and macular mice in an attempt to 
produce animal with macular mouse cells distri- 
buted in various tissues. We produced 13 chimeric 
mice. All Mo ml /Y and Mo ml !Mo ml mice which 
were not treated with copper normally gained 
weight until about day 10, but then ceased to grow, 
gradually becoming inactive and dying on about 
day 15. However, the majority of normal **Mo ml 
chimeras grew normally without copper treatment 
even after day 10. Furthermore, surviving chime- 
ras did not show any tonic seizures and ataxia, 
although chimeras #1 and #2 died at day 16 and 
22 after birth, respectively. In 13 liveborn chime- 
ras, all contained a component from Mo ml hemizy- 
gotes or homozygotes. However, examination of 
the tissue distribution of macular mouse cells in the 
dead chimeras revealed dramatic differences com- 
pared to the other surviving chimeras. In surviving 
chimeras (#3 and #4), normal mouse cells were 
contained at a ratio of 40-60% in all tissues. 
However, the macular mouse cells comprised 
above 99% of the liver in chimeras #1 and #2, 
although the thymus, lung and spleen in chimera 
# 2 were also composed only of macular mouse 
cells. The effects of the Mo ml gene could not be 
rescued in any chimeric environment in the liver. 
Thus, the liver is one of the “critical tissues” in 
which the presence of a high proportion of macular 
mouse cells leads to an abnormal, nonviable phe- 
notype. 

The thymus and spleen were smaller in macular 
mutant mice. Brindled mice, in contrast, show 
little effect on thymus weight, whereas an atrophic 
effect is evident in the spleen [15]. In copper 
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deficient mice, the larger spleen and smaller thy- 
mus are characteristic [16]. Atrophy of both 
thymus and spleen is characteristic of macular 
mutant mice. Chimera £2 which had no normal 
mouse cells in the thymus and spleen showed the 
atrophy of these tissues similar to that of macular 
mutant mice. However, the thymus and spleen 
weight was little affected in chimera #1 even 
though macular mouse cells occupied 60 and 75% 
of these organs, respectively. Therefore, it seems 
that the abnormal development of the thymus and 
spleen in the macular mouse can be largely cor- 
rected when macular mouse cells in these tissues 
are allowed to develop in conjunction with normal 
thymocytes and spleen cells. 

There were low levels of copper in the brain and 
liver, and high levels in the kidney and intestine of 
macular mice. The disturbance of copper homeo- 
stasis in Mo ml !Y mice agreed closely with those 
reported by Ooyama et al. [13] and Tanaka et al. 
[18]. Copper levels of brindled mice are low in the 
brain and liver, but high in the kidney and intestine 
[15]. In the Mo mt l-\- mice, the level of copper 
concentration in the brain and intestine was in- 
termediate between normal and macular mice, but 
that in the liver was extremely low. The copper 
level in the kidney was also higher than that in 
normal mice. As a result of random X- 
inactivation. Mo ml /-\- mice are genetic mosaics 
containing an approximately equal number of nor- 
mal and macular cells. Chimeras £1 and £2 were 
mosaics with intermingling normal and macular 
cells in various tissues except the liver. Thus, the 
copper concentration in the livers of chimeras £ 1 
and £2 were expected to be similar to those of 
Mo ml IY or Mo ml !Mo ml , while those in the brain, 
kidney and intestine should be the same as those of 
Mo ml l + . However, the copper concentrations in 
the intestines of chimeras £ 1 and £2 were similar 
to that in the +JY intestine, whereas the copper 
concentration in the brain of chimera £ 1 was the 
same as that of the Mo ml lY. The copper concen- 
trations in the liver of Mo ml mice and chimeras £ 1 
and :r2 were extremely low in comparison with 
those of normal mice. However, the copper con- 
centrations in the liver of surviving chimeras (£3 
and z:4) and adult Mo ml !Y (Cu) mice were the 
same as that of the normal mouse. In surviving 


chimeras, it can be considered that the disturbance 
of copper homeostasis in macular mouse cells was 
directly improved by normal mouse cells or copper 
homeostasis at tissues level was maintained by 
normal mouse cells. Nevertheless, the copper 
levels in the liver of surviving chimeras at day 14 
after birth remains low. Further investigation is 
required to elucidate a connection between the 
copper content and the ratio of chimerism in the 
liver at day 14 after birth. Those of the kidneys in 
chimeras £1 and £2, and the severity of the 
changes in the copper content was unexpected 
considering the intestine copper levels were equal 
to those in normal mice. Copper content in the 
intestine was unexpected since the brain levels 
were similar to those of Mo ml ! + mice. In surviv- 
ing chimeras, it may be considered that the dis- 
turbance of copper homeostasis in macular mouse 
cells was directly improved by normal mouse cells 
or that copper homeostasis at the tissue level was 
maintained by normal mouse cells. 
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